The different magnetoionic wave modes which accompany the aurora are identified using DE 1 not only by their appearance on satellite radio spectrograms, but also by concurrent measurements of their wave polarization and arrival directions, and by ray-tracing models of their expected propagation behavior. Of the four possible propagation modes, designated O, X, W, and Z for the ordinary, extraordinary, whistler, and Z modes, respectively, all four are found to occur in the auroral zone, as follows: The most intense, of course, is the well-known auroral kilometric radiation (AKR), which originates primarily in the X mode near the electron cyclotron frequency, but which is frequently also accompanied by a weaker O-mode component from the same location. The next most prominent auroral emission is the W-mode auroral hiss originating from altitudes always well below the DE I satellite at frequencies below the local cyclotron frequency. For a particular case which was studied in detail, both of these components were found to originate from approximately the same source field lines near the poleward edge of the auroral plasma cavity, with the latter exhibiting a funnel shape on the radio spectrograms, centered on the source field lines but having different shapes inside and outside the cavity because of the differing plasma densities of these two regions. Equatorward of the cavity and at frequencies above the minimum plasma frequency within the cavity, this upcoming W mode exhibits a shadow zone which is attributed to the blockage of W-mode propagation at the plasma frequency. The previously reported Z-mode auroral radiation was also detected, but from sources also below the satellite and at the poleward edge of the cavity , and not from the expected AKR source at the cyclotron frequency. A weaker O-mode component seems to accompany these emissions also, both within the polar cap poleward of the source and inside the cavity, the latter seemingly being guided upward by the cavity's lower plasma densities. Finally, exactly on the source field lines at the poleward edge of the cavity, there also occasionally seems to be localized Z-mode emissions extending from the Z-mode cutoff at quite low frequencies up to and above the plasma frequency.
observations of wave spectra, using the patterns of cutoffs and resonances which are observed simultaneously to deduce both the wave modes and their properties. Here we shall use in addition the special capabilities of the DE 1 wave receiver to measure the wave polarization and apparent arrival directions [Shawhun et al., 1981; Calvert, 1985; Huff et al., 1988; Jones et al., 1987] , as well as certain threedimensional ray-tracing models of the propagation in different modes [Hashimoto, 1984] .
MODE IDENTIFICATION
Observations of the DE 1 plasma wave instrument (PWI) during a pass through the auroral zone on October 12, 1981
Ordinary Mode
The ordinary mode extends upward in frequency from a cutoff at the plasma frequency and it is always left-hand polarized with respect to the local magnetic field. Although this mode is often referred to as the L-O mode, after Allis et al. [1963] and Stix [1963] , for consistency with the other terminology adopted below, it will be called the "ordinary" or O mode. At frequencies well above the plasma frequency, the refractive index for this mode approaches unity and its propagation becomes almost isotropic. Near the plasma frequency, however, the O-mode refractive index approaches a thin cylinder of finite length in the magnetic field direction, and as a result, the ray directions turns abruptly away at cutoff, fN is the plasma frequency, and fs is the cyclotron Generally yielding a lead or lag of about 90 ø when the two antennas were mutually orthogonal to the dominant wave frequency. It is always right-hand polarized with respect to arrival direction, this measurement unambiguously indicates the magnetic field and is always approximately isotropic (to the rotation sense of the wave electric vector with respect to within at most a factor of the square root of two at the Xthe vertical [Calvert, 1985] . In Plate 1, right panel, since mode cutoff) [see Calvert, 1982 , equation (13)]. Whenever the satellite was then in the northern hemisphere where the plasma frequency is very low, according to equation (1), the magnetic field was directed approximately downward, the cutoff frequency for this mode quickly approaches the shadings, which indicate a left-handed wave rotation sense cyclotron frequency. Although this mode is often referred with respect to the vertical, would imply a right-handed to-to as an "R-X mode," this designation is not unique, since tation sense with respect to the source magnetic field; and the Z mode between the plasma and cyclotron frequencies the green shadings, an opposite, left-handed sense. Also is also of R-X polarization. To avoid such confusion, it will shown in Plate I is the local electron cyclotron frequency, be referred to as the extraordinary or X mode. long as ion effects can be ignored) up to a wave-angieFrom measurements like those in Plate 1, the wave modes dependent resonance below the plasma or cyclotron frequencan be determined in two ways, either directly from the to-cies, whichever is least. For the case in Plate 1, where the tation sense measurements in Plate 1, right panel, or else plasma frequency is less than the cyclotron frequency, it is indirectly from the pattern of propagation cutoffs and res-therefore limited by the plasma frequency. It is always rightonances in Plate 1, left panel. Unfortunately, both tech-hand polarized and highly anisotropic, approaching a resoniques require a knowledge of the local plasma frequency, nance for wave angles 0R, with respect to the local magnetic since that determines both the wave rotation sense and the field, which are given by propagation properties, and there were no independent measurements of this critical quantity with DE 1. Instead, tan0R-•(•• -f2)(f•t-f•) (2) one usually has to rely upon a self-consistent interprets-
tion of the wave data in order to determine simultaneously Notice from this formula that the resonance angie upboth the plasma frequency and the emitted wave modes [see proaches zero whenever f approaches either fN or f•. Near Calvert, 1981b; Persoon et al., 1988] . The problem is hasically one of needing the plasma frequency to identify the waves and of needing this identification in order to determine the plasma frequency, and sometimes the way out of this circular dilemma is not always obvious. However, once that problem has been solved, the wave modes can then be determined by the properties of the waves, as described in the following sections, appropriate for the high-altitude auroral zone where the plasma frequencies are substantially less than the corresponding electron cyclotron frequencies.
this resonance, the wave polarization becomes highly elliptical in the direction of the propagation vector, as will be discussed below, and the wave ray direction turns away from the magnetic field direction by approximately the complement of the resonance angle.
Z Mode
Sometimes also referred to as an "internal" or "inaccessible" branch of the extraordinary mode, the Z mode extends 
At very low plasma densities, this frequency, like the Xmode cutoff frequency, is virtually indistinguishable from the cyclotron frequency. This mode switches its polarization at the plasma frequency, from L-X or left-handed below to R-X or right-handed above. Also at this same frequency, the Z mode exhibits two of the so-called "linear coupling windows," where its refractive index surface meets those of both the whistler and ordinary modes for propagation vectors which are strictly parallel to the magnetic field. At such coupling windows it is possible for waves to convert from one mode to another. Away from these resonance and coupling regions and well above its cutoff, this mode is also approximately isotropic, with a refractive index that is less than unity below the plasma frequency and greater than unity above. Near the cyclotron frequency and at very low plasma densities, the refractive index diagram for this mode approaches a cylinder aligned with the magnetic field, having a constant transverse refractive index component equal to the square root of two. As a consequence, the wave ray direction turns away from the magnetic field under such conditions, just as it does for the W mode near its resonance at the plasma frequency.
The relationship between these four distinct magnetoionic modes is illustrated by 
The Modes in Plate I
The wave-mode interpretations in Plate 1, middle panel, follow almost immediately from the rotation sense measurements in Plate 1, right panel, and the properties described above, given the plasma frequency variation shown by the heavier curve in that figure labeled fN. As will be discussed below, this plasma frequency variation was derived indirectly from both these and other wave measurements. Since there are always at most only two wave modes of opposite polarization sense in each of the regions defined by the plasma and cyclotron frequencies, this determination is unique, so long as the polarization sense in Plate 1, right panel, is well defined. However, one case where the polarization sense is not always well-determined by the measurements occurs for the whistler mode near its resonance cone, presumably because these waves then exhibit a sufficiently strong longitudinal electric field component to confuse the rotation sense measurements. [Calvert, 1981b [Calvert, , 1986 [Calvert, , 1987b ].
The equatorward edge of the auroral plasma cavity in this case, although not entirely clear from Plate 1, seems to coincide with the plasmapause, since it occurs quite near the expected average L value of that feature, and it represents a drop in the plasma frequency from about 50 kHz just equatorward of the cavity to the 7 kHz inside (or from a plasma density of about 20 cm -a down to 0.6 cm-a). A similar measurement was also performed for the Wmode signals within the auroral plasma cavity, at about 2 kHz and 0716 UT. Here the measured E-plane normal angle was -38 ø, the dip was 68 ø, and hence the E-plane angle with respect to the local magnetic field was about 16 ø , as shown in Figure 4 . Since the resonance cone angle was then about 73 ø, this is also consistent with W-mode propagation in the resonance cone, again to within about 1 ø. However, in this case the the wave normal was on the opposite side of the magnetic field direction, and therefore the waves must have come from below and poleward of the point of measurement.
This feature is therefore identified as the other half of the auroral hiss funnel, despite its different shape.
The lower edge of this funnel inside the cavity was scaled from the bottom envelope of the yellow region in Plate 1, left panel, at 600, 900, and 1500 Hz, and the corresponding normals to the resonance cone were plotted in Figure 5 at the appropriate locations. It is obvious from this figure that the shape of this feature also fits the funnel interpretation, with a common source located somewhere near the poleward edge of the auroral plasma cavity.
Also shown in Figure 5 is an approximate ray path for the 8-kHz E-plane normal measurement discussed above, along with two other such paths at 1.5 kHz, one labeled "outer funnel", and the other, "inner funnel. This interpretation is confirmed by a third E-plane direction measurement at about 11 kHz, equatorward of the cavity and within this patch. In this case, the E plane norreal was about 8 ø equatorward of the local magnetic field direction and hence at the complement of the resonance cone angle for 11 kHz at that location (of about 81ø), again to within 1 ø. The isolated patch thus corresponds to Wmode propagation in the resonance cone from a source at lower altitudes and higher latitudes, and it thus represents what is left of Gurnett's auroral hiss funnel after propagation through the lower plasma densities within the auroral plasma cavity.
The entire set of W-mode signals in Plate I (except for the so-called plasmaspheric hiss at the lowest frequencies) is thus attributed to a common source .at the poleward edge of the aurora plasma cavity. Since these signals presumably originated from precipitating auroral electrons, this was probably also the location of peak auroral activity during the DE I observations and hence also the most likely source field clotron frequency. The origin of this weak O-mode component is uncertain, although it might originate, as was mentioned above, by linear coupling to the Z-mode at the cyclotron frequency.
AKR Wave Directions
The AKR signals in Plate 1 were too variable to permit reliable direction measurements by the spin-null technique used above. Instead, it was necessary to use the spin-phase technique [Calvert, 1985] , in which the phase of the signals received by the rotating Ex antenna are compared to those from the nonrotating, spin-axis-aligned Ez antenna. Although somewhat more cumbersome and needing a difficult phase calibration, this technique yields the E-plane orientation as the parameters of a least squares fit to the predicted phase variation as the satellite rotates. As reported elsewhere [Calvert, 1985; Huff et al., 1988] , it has has proven quite reliable, and it yields wave normal directions which are in quite good agreement with those deduced for the AKR in Figure 2 The AKR is shown in both of its two magnetoionic wave modes, originating from the same source at relatively large angles to the source magnetic field and being reflected by steps in the plasma density at lower latitudes. Not shown for the AKR, since they were not detected in this study, are the reported X-mode harmonic signals of Mellott et al.
[1986] and others. For the lack of a sufficiently accurate vertical density model, it was not possible to simulate the W-mode waves which penetrated the cavity.
Z Mode
As noted above, the Z-mode radiation does not seem to originate at the local source cyclotron frequency. Moreover, our ray-tracing results would also suggest that such emissions would probably not propagate over very great distances, since they quickly end up propagating with ray directions perpendicular to the magnetic field at the cyclotron frequency. It is significant that no downgoing Z-mode signals were detected from this same cyclotron source, since that implies either that the cyclotron wave growth was insufficient to produce observable emissions in this mode or else that wave growth alone was not sufficient. Instead, the Z-mode appears to originate, along with the intense, funnel-shaped auroral hiss, at altitudes below the satellite and hence at frequencies well below the local cyclotron frequency.
The Z-mode waves, presumably from this same source, were found to occur at higher frequencies and latitudes, extending up to the local cyclotron frequency in the polar cap. Also what appeared to be intense Z-mode signals were found to occur exactly at the source, extending both above and below the plasma frequency.
Weaker O-mode signals were found to accompany Z-mode signals in the polar cap, extending from the cyclotron frequency to slightly above. Prominent O-mode signals were also found to occur within the auroral cavity, extending from a source near the plasma frequency at its poleward edge.
